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The reconstruction of the epidemic history of the Hepatitis C virus (HCV) has been difficult due to an absence of historically archived samples that would allow earlier viral sequences to be determined. Thus, it relies on the determination of the worldwide geographical distribution of the contemporary circulating viral strains and the analysis of their genetic relationships by using traditional and newly developed approaches. For this purpose, the determined viral sequences are the sole source of information. Although our recent studies have described the genetic variation patterns for isolates representing various subtypes within genotypes 2, 4 and 6 (Li et al., 2006 (Li et al., , 2009a (Li et al., , b, 2012 Lu et al., 2006 Lu et al., , 2007a Lu et al., , b, 2008 Wang et al., 2009; Xia et al., 2008) , such information is still in short supply for genotypes 1 and 3. For genotype 3, some strains (i.e. 3a and 3b) have spread worldwide mainly due to transmission via injection drug use and immigration, which are often seen in developed countries in Europe and North America (Bourlière et al., 2002; McCaw et al., 1997; Pawlotsky et al., 1995; Silini et al., 1995) . In contrast, specific HCV-3 subtypes have been exclusively found in certain regions of Asia which reflects a long-term endemic circulation (Greene et al., 1995; Lole et al., 2003; Tokita et al., 1994a, b) . At present, a total of 10 genotype 3 subtypes have been assigned. However, fulllength genomes are available only for four: 3a, 3b, 3i and 3k. In this study, five genotype 3 isolates representing subtypes 3g, 3h, 3i and 3k, and a distinct lineage not yet assigned to a subtype were entirely sequenced.
Full-length genomes were characterized for isolates QC29, QC105, QC115, QC260 and QC268, each from 18-25 overlapping fragments. These genomes are 9579-9660 nt in length from the 59 UTR termini to the highly conserved 39 X tails. They each contain a single ORF of 9060-9075 nt. The 59 UTRs are of 337-340 nt, while the 39 UTRs vary from 180 to 269 nt. The sizes of the 10 protein-coding regions are as follows: core (573 nt/191 aa), E1 (576 nt/ 192 aa), E2 (1101-1110 nt/367-370 aa), P7 (189nt/63 aa), NS2 (651 nt/217 aa), NS3 (1893 nt/631 aa), NS4A (162 nt/ 54 aa), NS4B (783 nt/261 aa), NS5A (1353-1362 nt/451-454 aa) and NS5B (1776 nt/591 aa). Among these 10 regions, E2 and NS5A are variable in length (Table 1) .
A maximum-likelihood (ML) tree was reconstructed using 26 full-length HCV genomes (Fig. 1) . The tree showed seven major branches or clusters each representing one genotype. Major clusters comprising two or more sequences showed significant bootstrap support values of 100 %. Prior to the completion of this study, full-length HCV-3 sequences had been characterized for subtypes 3a, 3b, 3i and 3k. In the reconstructed tree these four subtypes were clearly differentiated. QC105 classified into 3k along with JK049, and QC268 into 3i along with IND-HCV. On the other hand, QC29, QC115 and QC260 grouped independently, representing three distinct subtypes. QC260 and QC29 have been provisionally assigned as subtypes 3g and 3h, respectively, based on partial C/E1 and NS5B region sequences (Murphy et al., 2007) . In the present study, these two subtypes were confirmed as 3g and 3h based on the first determination of their full-length genomes. Similarly, QC115 also grouped independently from other type 3 sequences based on partial C/E1 and NS5B sequences and its complete genome sequence corroborates this finding.
A segment of the NS5B region, corresponding to nucleotide numbering of 8276-8615 in the H77 genome, has been found to reliably differentiate HCV genotypes and subtypes and is therefore routinely used for proposing the provisional assignment of HCV isolates. To better understand the complexity of the HCV-3 lineage, a phylogenetic tree was reconstructed using 59 NS5B sequences retrieved from the HCV database and the five determined in this study. The tree displays 12 major branches or clusters corresponding to 12 subtypes or lineages within genotype 3 (Fig. 2) . Among them, 10 have been assigned subtypes 3a-3i and 3k, while two (blue branches in the tree) have not. The five isolates from this study represent four of the 10 assigned subtypes and one of the two unassigned. Specifically, QC260/3g groups with four isolates, three from India (Panigrahi et al., 1996) and one from Canada (Murphy et al., 2007) . QC29/3h also groups with four isolates, three from Somalia (Abid et al., 2000) and one from Canada (Murphy et al., 2007) . QC268/3i groups with eight isolates, two from India (Panigrahi et al., 1996) and six from Canada (Murphy et al., 2007) . QC105/3k groups with 26 isolates: 19 from Indonesia, three from India, three from Pakistan and one from a patient living in the Netherlands who contracted the infection in Indonesia (Hotta et al., 1994; Tokita et al., 1996; Valliammai et al., 1995; van Doorn et al., 1994 van Doorn et al., , 1995 . In contrast, QC115 represents an unclassified lineage equivalent to a new subtype. Although all living in Canada, the patients infected with the five isolates identified in this study originated from the Indian subcontinent and Somali. Not presented in Fig. 2 , subtypes 3a and 3b each had more than 100 NS5B sequences available in the HCV database. Except for these two subtypes, other subtypes each had only a few sequences determined. For example, 3c, 3d and 3e each have only one sequence, all from Nepal, while 3f has two sequences, one from Pakistan and one from Nepal (Shrestha et al., 1994; Stuyver et al., 1996) . Isolate 1stHCVSA15 from Turkey has not been formally published and constitutes the 12th lineage. In the HCV database, many genotype 3 sequences have been regarded as unclassified variants. However, our reanalysis showed that the majority of them can be grouped into subtypes 3a, 3b and 3k (data not shown). As a result, only isolates QC115, 1stHCVSA15, and AV69 (only the core region sequence available) represent three unclassified subtype equivalents, of which QC115 was entirely sequenced in the present study.
To exclude the possibility of viral recombination, pairwise nucleotide similarity curves were plotted along HCV genomes. Comparing the five HCV-3 isolates against each other and against the 21 reference sequences shown in Fig.  1 , no such evidence was detectable (data not shown).
Conclusively, full-length genome sequences were characterized for five HCV-3 isolates: QC260, QC29, QC268, QC105 and QC115. The former four represent subtypes 3g, 3h, 3i and 3k, respectively, while the last one indicates a distinct variant. Subtype 3g was first proposed in 1996 from partial core (451 nt) and NS5B (249 nt) sequences obtained from three patients in India (Panigrahi et al., 1996) . Following this report, several other studies have also detected 3g sequences in patients or immigrants from India (Lole et al., 2003; Murphy et al., 2007; Verma & Chakravarti, 2008) . Currently, the Los Alamos HCV database contains partial sequences for a total of 20 isolates of 3g. Hence, the characterization of the full-length genome sequence for this subtype was one of our primary tasks.
An isolate of subtype 3i was identified in India as early as 1996, but a formal designation was not given (Panigrahi et al., 1996) . In 2003, five additional isolates of 3i were detected in India. Based on a partial sequence in the core region, it was proposed that these isolates be classified as subtype 3i (Lole et al., 2003) . In 2007, seven isolates of 3i were detected in Canada. They were obtained from five Caucasians and two immigrants, one (QC270) from Lebanon and one (QC268) from Pakistan (Table 1 ) (Murphy et al., 2007) . In that study, partial C/E1 and NS5B region sequences were determined for all isolates. In addition, the complete core region sequence was determined for three of the seven isolates. Comparison of the core region sequences of these three isolates with those reported by Lole et al. (2003) showed that these belonged to the same subtype. In this study, QC268 was selected to have its entire genome sequenced. However, in 2009 a fulllength 3i sequence (GenBank accession no. FJ407092) from India was released in the Los Alamos HCV database, but it has not been formally published.
Isolates of subtype 3k were first reported in 1994 in more than 10 patients from Indonesia (Hotta et al., 1994; Okamoto et al., 1994) and subsequently in a study in 1995 in two patients from India (Valliammai et al., 1995) . In 1996, it was proposed that these sequences be classified as Full sequences of five genotype 3 isolates subtype 10a (Tokita et al., 1996) , only to be later reclassified into genotype 3 (Simmonds et al., 1996) . In 2005 when the HCV nomenclature was updated, a consensus was made to reassign this subtype as 3k (Simmonds et al., 2005) . Currently, in the Los Alamos HCV database a total of 66 sequences are classified as subtype 3k, representing 45 independent isolates, with the majority from Indonesia, followed by India, Pakistan and a few from other countries. For this subtype, a full-length genome sequence (JK049) has been characterized (Tokita et al., 1996) and in this study a second sequence (QC105) was determined from a Pakistani immigrant living in Canada (Murphy et al., 2007) .
Subsequent to subtypes 3g, 3i and 3k, the sequences of an isolate (QC29) corresponding to subtype 3h was first described in 1996 in a Somali patient who had emigrated to Canada (Bernier et la., 1996) . However, a formal designation was only proposed in 2000 following the identification of 3h sequences in three Somali refugees (Abid et al., 2000) . In 2007, another subtype 3h sequence was identified in a Congolese emigrant in Canada (Murphy et al., 2007) . In the Los Alamos HCV database, 3h sequences of two additional isolates (GenBank accession nos AY766911 and AY768137) have also been recorded. Although the submission was from the UK, the countries where the samples were collected are unknown. In the HCV database, two unclassified HCV-3 isolates, 52735 and 8332488, also belong to 3h. The former was from a Somali refugee in Denmark (Corbet et al., 2003) , while the latter was from an immigrant in France originating from Djibouti, which neighbours Somalia (Colson et al., 2011) . Due to the lack of a full-length genome in confirming the provisional designation of this subtype, the earliest identified 3h isolate, QC29, was selected for complete sequencing.
In this study, phylogenetic analysis demonstrated that the full-length genomes of three isolates, QC29, QC115 and QC260, were genetically distinct from each other and from subtypes 3a, 3b, 3i and 3k (Figs 1 and 2 ). Further analysis of nucleotide similarity curves along these genomes excluded the possibility of viral recombination. The results are consistent with the notion that each of these isolates represents three distinct subtypes within genotype 3. Since QC29 and QC260 have been provisionally classified into subtypes 3h and 3g (Murphy et al., 2007) , respectively, the present study now confirms their designations for the first time by providing their full-length genomes. Phylogenetic analysis of the full-length genome sequence of QC115 reveals that it corresponds to a distinct subtype. However, we are not able to make a formal subtype assignment for this isolate, because based on the proposed criteria this requires the identification of at least three epidemiologically unlinked isolates (Simmonds et al., 2005) .
In the Los Alamos HCV database, a total of 36 full-length genomes have been classified into HCV-3. The sampling geographical region is available for 33 of these sequences. These include 29 sequences of subtype 3a from Europe, Asia and America, and one sequence for each of subtypes 3b, 3i and 3k from Asia (accessed up until the end of December 2011). While 10 genotype 3 subtypes have been designated, these 36 full-length genomes only represent four subtypes. Although this study provides the full-length genomes of two additional subtypes (3g and 3h) and of one unclassified variant, this information is still lacking for subtypes 3c, 3d, 3e, 3f and 3l (which lacks a sequence to analyse in Fig. 2 ). Since this information constitutes a basic condition in achieving complete HCV nomenclature and is critical for HCV prevention and treatment strategies, one goal of our future studies will be to completely sequence isolates representing these subtypes.
We first reviewed the patient data that had genotype 3 nucleotide sequences previously reported from 1993 to 2005 (Murphy et al., 2007) . Age, gender, sampling time and country of birth or ethnic origin were collected for 29 patients (Table S1 , available in JGV Online). Five were selected for this study, for which full-length HCV genomes were determined using the approaches we have recently described (Li et al., 2012) and the primers listed in Table S2 .
To reconstruct the ancestral relationship, a total of 21 fulllength HCV sequences were retrieved from a HCV database and used as references. They not only represented genotype 3, but also genotypes 1, 2, 4, 5, 6 and 7 sequences (Kuiken et al., 2005) . To further comprehend the genetic complexity within genotype 3, a set of NS5B sequences representing assigned subtypes and unclassified variants were also selected for analysis. The resulting dataset contained 64 partial NS5B sequences, each having 340 nt corresponding to nt 8276-8615 in the H77 genome. For both the sequence datasets, ML phylogenies were reconstructed and the recent virus recombination events were excluded as recently described (Li et al., 2012) .
